ABSTRACT A bee assassin bug, Apiomerus flaviventris Herrich-Schäffer (Hemiptera: Reduviidae), of the arid or semiarid southwestern North America is known to exploit resins from plants and apply them to the eggs for protection. To elucidate the source and possible functions of the resin, A. flaviventris were collected in the Anza Borrego Desert State Park, California, and observed in the laboratory. Female A. flaviventris collected the resin from a desert perennial shrub, brittlebush, Encelia farinosa Gray ex Torr. (Asteraceae). Bioassays with the predatory ant species Forelius pruinosus (Roger) and Linepithema humile (Mayr) (Hymenoptera: Formicidae) indicated that the brittlebush resin coating is important in preventing A. flaviventris eggs from being picked up by omnivorous predators.
Apiomerus spp. bee assassin bugs (Hemiptera: Reduviidae) are active predators that feed largely on insects such as bees and beetles, killing their prey by injecting venom with their proboscis, and then consuming the hemolymph or enzymatically predigested internal tissues (Coletto da Silva and Gil-Santana 2004) . Uhler (1894) recorded the distribution of Apiomerus flaviventris Herrich-Schäffer throughout southern California, Arizona, and Mexico. A. flaviventris are active in the area of Anza Borrego State Park, California, from late spring to summer, and adult females are frequently observed to have a sticky resin pad on their ventral abdominal surface. According to Eisner et al. (2005) , female A. flaviventris procure a terpenoid resin from plants and apply it to the eggs, thereby protecting them from ants. Some ant species (e.g., Forelius sp. and Solenopsis sp.), which might possibly function as predators of Apiomerus spp. eggs, are found throughout the park. The primary objective of this project was to determine the source of the resin and to demonstrate what protective function the resin might have against ants. Maintaining Insects. Field-collected adults were taken to the laboratory for life history and behavioral studies. The adults were housed in small (12-by 20-by 13-cm) and large (18-by 32-by 21-cm) plastic containers with screened covers for ventilation. To observe behaviors, individual insects were placed in Pyrex petri dishes (9 cm in diameter by 2 cm in height). The cages were maintained at 21Ð23ЊC on natural daylight cycle (14:10 [L:D] h). Bugs were fed with Þeld-collected live insects, including honey bees, Apis mellifera L., and paperwasps (Polistes sp.), and German cockroaches, Blattella germanica (L.) obtained from laboratory cultures.
Materials and Methods

Study
Photographs and Videos. Photographs were taken with a digital camera (D60, Canon Inc., Lake Success, NY) equipped with a 65-mm macro lens. Some behaviors were recorded using a digital camcorder (XL-1, Canon Inc.) equipped with a 100-mm macro lens. The recorded image was repeatedly observed on a separate television monitor by using the slowmotion and stop-action features of the camcorder. To obtain scanning electron microscopy (SEM) images, specimens were gold-coated (Technics Hummer V tabletop sputter coater, Anatech Ltd., San Jose, CA), after cleaning by gentle brushing in essential citrus oil/acetone and observed with a Philips XL30-FEG scanning electron microscope (working voltage 10 Ð15 kV).
Resin Source Tests. To determine which plant species were the sources of the resinous material collected by A. flaviventris females, three different resinous plant species (cheesebush, creosote bush, and brittlebush) in the study area were collected and tested. Cages containing one mated female that had not collected resinous material and a male were provisioned with several leaves and cut stems of each of the three plants. The plants were maintained by placing the stems into a small glass vial Þlled with water. The system was observed Þve times a day (i.e., every 2 h during day) for 3 d for behavioral responses of female A. flaviventris to the three resinous plants.
The plant resins from cheesebush, creosote bush, and brittlebush were compared with the resinous material collected from A. flaviventris by thin layer chromatography (TLC). The resinous materials on two A. flaviventris females were scraped off with a clean micro razor blade and collected in separate vials containing 1 ml of methylene chloride. The resins on plant surface were either extracted by immersing the cut stems in 5 ml of methylene chloride for 30 s (cheesebush and creosote bush) or collected from the plant stem in 5 ml of methylene chloride with clear forceps (brittlebush). Approximately 5Ð10-l aliquots of each extract were applied to silica gel G TLC plate (Whatman ßexible plates for TLC, AL SIL G/UV ßuores-cence UV 254 , 250 m, 20 by 20 cm, Fisher, Pittsburgh, PA) and developed with a solvent system of hexane/ ethyl acetate (2:1, vol:vol). Spots were visualized under UV light (253.7 nm), and the TLC plate was photographed.
Resin Function/Deterrency Test. To determine the possible function of resins, we observed two different mature females, one female of which had resinous material on her ventral abdominal surface, and the other female with no resin. One male A. flaviventris was introduced into each cage with a female. Several dried palo verde stems and Eucalyptus bark pieces were placed into the cage to serve as a substrate for oviposition. Plant material that might serve as a resin source was not placed in the cages. The pairs were observed for reproductive behaviors such as mating and oviposition Þve times a day (i.e., every 2 h during day) for 30 d.
Three different bioassays were developed to test for the possible feeding deterrency of resin to ants. Omnivorous ant species with arboreal foraging habit were considered as test animals because the eggs of A. flaviventris would be laid naturally on tree bark or other vegetation. Forelius pruinosus (Roger); the native southern Þre ant, Solenopsis xyloni McCook; and the Argentine ant, Linepithema humile (Mayr), were used in the bioassays. F. pruinosus is one of the native ant species that are ecologically sympatric with A. flaviventris in the study area. Because F. pruinosus actively forage on insects and honeydew on arboreal as well as ground habitats (Hö lldobler 1982), they were considered as a major potential threat to A. flaviventris eggs. S. xyloni represented a native Solenopsis sp. that has opportunistic omnivorous foraging strategy (Valone and Kaspari 2005) . We choose L.
humile for feeding deterrency test because Linepithema is a sister genus of the native Forelius (Chiotis et al. 2000) . In addition, like Forelius spp., L. humile has small, monomorphic, and aggressive omnivorous foragers that exploit arboreal environments (Newell and Barber 1913, Hö lldobler 1982) . Last, testing the resinÕs feeding deterrency against pestiferous L. humile could provide leads for environmentally sound ant control compounds. F. pruinosus were collected from Borrego Springs, CA, and S. xyloni and L. humile were collected from the University of California, Riverside. Ant nests were dug up and extracted from the soil as described by Hooper-Bui and Rust (2000) . Ant colonies were maintained in plastic boxes (26.5 by 30 by 10 cm) with the inner sides coated with ßuoropolymer resin to prevent ants from escaping. In the plastic colony box, the ant colony occupied petri dishes Þlled with plaster for providing a moist environment (Soeprono and Rust 2004) . For L. humile and F. pruinosus, each colony consisted of 10 Ð20 queens, brood, and 2,000 Ð5,000 workers. S. xyloni colony consisted of 10 Ð20 allates and 400 Ð500 workers.
The Þrst bioassay examined L. humile and S. xyloni forager responses to naturally resin-coated eggs (i.e., by the female bugs) and resin-free eggs. One resincoated egg was obtained from an egg mass laid by a female A. flaviventris that had resinous material on its abdominal surface in advance of oviposition. One resin-free egg was obtained from females that had no access to resinous material in advance of oviposition. Both resin-coated and resin-free eggs positioned in a small circle (1 cm in diameter) marked on the center of a small Þlter paper (4.25 cm in diameter, Whatman, W & R Balston Ltd., England) were provided to ant foragers by carefully putting the Þlter paper on the bottom of an ant colony box. Observations started when the Þrst ant encountered the eggs and terminated when an ant picked up any egg and walked off the Þlter paper with it. We observed which egg was carried by the ant and recorded the time interval between the Þrst ant encounter with the egg and its removal. If an egg was not carried off by ants within 4 min after starting the observation, the trial was terminated. The Þnal place where the eggs were carried by ants was recorded (i.e., into the nest or onto the refuse pile). The experiment was replicated 10 times for each ant species.
The second bioassay examined L. humileÕs responses to a prey insect coated with a plant resin. L. humile foragers readily took fresh freeze-killed fruit ßies, Drosophila melanogaster (Meigen), that were presented to them on the colony box bottom. When foraging ants found the fruit ßy, they began to aggregate around it and manipulate it with their mandibles. The handling behavior was often characterized by antennating and then grabbing and mutilating the fruit ßyÕs wings (Choe and Rust 2006) . One fruit ßy was treated with 162 g of resin (i.e., approximately 1 egg equivalent) in 1 l of methylene chloride solution. The egg equivalent was calculated based on the dry weight of the resin extracted from one egg mass (9,900 g) laid on 13 July, which consisted of 44 eggs. For control purposes, another fruit ßy was treated with 1 l of methylene chloride solvent alone. A few minutes were allowed for evaporation of the solvent before the ßies were tested. Both resin-coated and resin-free fruit ßies were provided to the ant colony in the same manner as was used in the Þrst bioassay. Observations started when the Þrst ant encountered either fruit ßy. A recruitment index (RI) (Portugal and Trigo 2005) was calculated as the percentage of ants in contact with the resin-treated ßy and the total number of ants aggregated around both fruit ßies during a 2-min period from the Þrst ant encounter. The number of foragers in contact with each fruit ßy was recorded every 30 s. Thus, there were usually four records for each of the fruit ßies at the end of a trial. If any fruit ßy was carried off within 30 s or not carried off for 2 min after starting observations, then the trial was terminated. The experiment was replicated 10 times. With the sum of the records for each fruit ßy, the RI was calculated. A RI of 50 indicated no preference for either of the fruit ßies, whereas an index lower than 50 indicated a preference for the resin-free fruit ßy and an index higher than 50 indicated a preference for the resin-treated fruit ßy.
The third bioassay examined F. pruinosus forager responses to a prey insect coated with a plant resin. F. pruinosus readily gathered around freeze-killed German cockroaches presented on the colony box bottom. When foraging ants found the cockroach, they began to aggregate around it and manipulate it with their mandibles. One freeze-killed German cockroach was treated with 1,620 g of resin (i.e., approximate 10 eggs equivalent) in 10 l of methylene chloride solution. Ten equivalents were used to deliver enough resin to adequately cover the cockroach cuticle. For the control, another cockroach was treated with 10 l of methylene chloride alone. Twenty minutes were allowed for evaporation of solvent before the cockroaches were tested. Both resin-coated and resin-free cockroaches were provided simultaneously to the ant colony. Observations were started when the Þrst foragers encountered either cockroach. The number of foragers in contact with each cockroach was recorded every 30 s for 4 min. Thus, there were eight records for each of the cockroaches at the end of a trial. The experiment was replicated six times. The calculation and interpretation of RI were identical with the former bioassay. Statistical Analysis. To assess which egg was removed more readily by ant foragers, a sign test was used after recording the time intervals. If an egg was not removed even at the end of a trial, it was considered to be removed at 240 s. We used one sample t-test to compare RIs of ant foragers to resin-treated insect preys with standard value 50 (Analytical Software 2000).
Results
A. flaviventris adults became active from early April in the Anza Borrego Desert State Park area. The Þrst adult male was observed on a cheesebush on 15 April 2006. From 15 April to 8 June 2006, Þve males and six females were observed in the Þeld. Four males and six females were collected and returned to the laboratory. Among the six females collected, only three had resinous material on their ventral surface at the time of collection (Table 1) .
Female A. flaviventris displayed resin-collecting behavior when they were allowed access to creosote bush and brittlebush. Females gathered dabs of the resin by scraping the plant with the forelegs and then transferred the resin to the midlegs (Eisner et al. 2005) . From the midlegs, using the comb-like structure located on the apical third of the metatibia (i.e., metatibial comb) (Fig. 1) , females transferred resin to the ventral surface of their abdomens. However, female A. flaviventris did not display resin-collecting behavior on cheesebush. Because creosote bush resin was present in very small amounts and usually coated stems or leaves as a thin layer, female A. flaviventris were not able to collect signiÞcant amounts of creosote bush resin. Consequently, the ventral surface of the female was still free of resin even after 3 d. However, brittlebush stems usually secreted copious amounts of resin as droplets, and female A. flaviventris easily collected signiÞcant amounts on their ventral abdominal surface within 2 h (Fig. 2) . Analysis with TLC indicated that the resinous material from two different Þeld-collected female A. flaviventris was exactly the same as resins collected from brittlebush (Fig. 3) .
A female A. flaviventris that had resinous material at the time of collection (collected on 8 June) laid 75 eggs in an egg mass on 18 June. The bottom of the eggs was Þrmly attached to the surface of a piece of bark, and the periphery of the egg mass was heavily coated with resinous material. The amount of resinous material on the femaleÕs ventral surface was noticeably reduced after oviposition. Thus, it was assumed that the resinous material was transferred to the egg surface. The 105 eggs that were laid by two females without resin (collected on 21 April and 6 May) were not attached to the plant substrate in an egg mass. Instead, they were found scattered on the cage bottom. Observation of the eggs under a microscope indicated that the eggs did not have any cement or resinous material on their surfaces (Fig. 4) . The female that was allowed to collect resin from brittlebush provided in the cage laid 31 (10 July) and 44 eggs (13 July) in egg masses that were Þrmly attached on a bark piece or a cage wall. The periphery of each egg mass was heavily coated with resin. Oviposition of this female A. flaviventris was observed on 13 July. The female scraped resin from her abdomen by brushing the ventral surface of the abdomen with metatibial combs. As Swadener and Yonke (1973) described with Apiomerus crassipes (F.), each combing stroke began at the second or third abdominal segment and ended at the open genitalia, and the female manipulated the genitalia back and forth with the metatibial comb bearing resin. By these processes, each egg became coated with resin when it came through the genital opening. Each egg was gently placed on the edge of the egg mass already deposited. Once the egg touched the edge of existing egg mass, the half-emerged egg from the genital opening started rotating Ϸ10Њ clockwise and counterclockwise (i.e., repetitive back-and-forth rotations) while it was slowly extruded. Apparently, this helped to attach each new egg to the developing egg mass. The brittlebush resin was collected and used by female A. flaviventris for coating eggs and attaching them to the substrate, forming stable egg masses.
Egg eclosion rates were compared between the eggs laid on 11 and 18 June. From the 105 eggs laid on 11
June without the resin coating, only 11 larvae successfully emerged (eclosion rate 10.5%). From the 75 eggs laid on 18 June with resin coating, 73 larvae successfully emerged (eclosion rate 97.3%).
The resin-free eggs were more readily picked up and carried away by the L. humile foragers than were the resin-coated eggs (sign test: P ϭ 0.001, n ϭ 10). The overall time needed for resin-free eggs to be removed was 88.9 Ϯ 15.7 s (mean Ϯ SEM, n ϭ 10). None of the resin-coated eggs were removed from the Þlter paper within 240 s after Þrst contact with an ant. Three of the resin-free eggs (30%) were carried to the nest, and the rest (70%) was carried to a refuse pile in the colony box. However, S. xyloni foragers did not pick up any of the resin-coated and resin-free eggs, apparently ignoring them. The recruitment of ants to the prey insects, based on the RI, supported the deterrency of brittlebush resin against omnivorous ant foragers. The RI of L. humile to resin-treated fruit ßies was 26.5 Ϯ 2.7 (mean Ϯ SEM, n ϭ 9). The RI of F. pruinosus to resin-treated cockroaches was 12.1 Ϯ 3.8 (mean Ϯ SEM, n ϭ 6). These values were signiÞcantly lower than 50 (one sample t-test: t ϭ Ϫ8.57, df ϭ 8, P Ͻ 0.001, n ϭ 9 for L. humile; t ϭ Ϫ10.03, df ϭ 5, P Ͻ 0.001, n ϭ 6 for F. pruinosus), indicating that ants did not recruit to prey insects treated with brittlebush resin.
Discussion
It is a widespread phenomenon among reduviids that the bases of the cylindrical eggs are surrounded by a substance referred to as cement or sticky material (Wolf and Reid 2001) . It was suggested that this substance may have multiple functions, including gluing the eggs to the substrate, preventing desiccation, and deterring egg parasitoids (Southwood 1956 , Johnson 1983 , Aldrich 1988 , Wolf and Reid 2001 . In some reduviids (e.g., Harpactorinae), the cement is secreted by various accessory glands of the female genitalia or gut (Southwood 1956 , Miller 1971 , Ambrose 1999 , Wolf and Reid 2001 . However, our observations indicated that female A. flaviventris bee assassin bugs required external sources of plant resins to attach an egg mass to the substrate. Why do A. flaviventris need external resin source rather than produce the sticky material themselves? It is thought that carnivory is ancestral and a facultative phytophagous diet is a derived trait in Hemiptera (Wolf and Reid 2001) . Our study and other laboratory rearing experiments indicated that Apiomerus spp. developed and reproduced normally when being fed only on insect prey (Swadender and Yonke 1973) . There is the possibility that A. flaviventris exclusively preying on insects do not ingest plant substances that might be necessary to synthesize the sticky material through metabolism. Although nothing is known about the metabolic energy used by female reduviids to produce the sticky material de novo, using external resin source will certainly be more beneÞcial for them if the required plant raw substances are extremely rare or unavailable while the plant resin sources are relatively abundant in their habitat. A. flaviventris exploited brittlebush as the primary source of the resinous material in the Anza Borrego Desert State Park area. The exudation of yellow resin from the stem surface and leaf nodes is a common phenomenon in brittlebush (Armbrust 2004) . Megachile spp. bees (Hymenoptera: Megachilidae) were reported to exploit the resin as the major construction material for their nest cap (Armbrust 2004) . If a female A. flaviventris captures these bees carrying plant resin, the bee itself may become a resin source. However, it is more likely that A. flaviventris collects the resin directly from brittlebush because once Megachile sp. bees collect resins, they usually do not visit ßowers to collect pollen, where A. flaviventris usually ambush their prey (D. Yanega, personal communication).
Female A. flaviventris displayed resin-collecting behavior on creosote bush just like they did on brittlebush. However, the resin layer of creosote bush was too thin and hard to be collected. Even though it was not tested in our study, it is plausible that resin collection is an innate response to some common cues (e.g., chemical or tactile cues) associated with creosote bush and brittlebush. In southern Arizona, female A. flaviventris were reported to collect plant resin from camphorweed, Heterotheca psammophila B. Wagenkn. (Asteraceae), which was covered with tiny glandular hairs bearing droplets of highly aromatic resin at the tip (Eisner 1988 , Eisner et al. 2005 . Thus, it is likely that A. flaviventris exploits several different resinous plants that are locally available rather than having an absolute relationship with a particular plant species. A behavior of neonate larvae toward the resin also supported innate aspect of resin-collecting behavior. A. flaviventris larvae emerging from eggs were observed to collect resin from the outer surface of the egg mass, coating their foreleg tibia with the resin (D.-H.C., unpublished data). The sticky resins on front tibia probably protect larvae against predators or help capture prey (Eisner et al. 2005) .
The brittlebush resin was essential for female A. flaviventris to deposit normal egg masses. When the resin was not available, females produced individually scattered eggs on a cage bottom. Because hymenopteran parasitoids can deposit their eggs only through the sides of the reduviid eggs (Swadener and Yonke 1973) , these scattered eggs would be highly susceptible to parasitism. The resin also may prevent the eggs from desiccating in the extremely hot and dry environments (Southwood 1956 ). Even in the laboratory environment, only 10.5% of the resin-free eggs hatched, whereas 97.3% of the resin-coated eggs successfully developed into larvae. Because many of the unhatched eggs had partially developed larvae in them, it was presumed that desiccation was the primary reason for the high mortality. Considering that A. flaviventris lay eggs from mid April to late June in arid environments, eggs not coated with resin would be extremely vulnerable to desiccation. This warrants further research.
The bioassays with L. humile and F. pruinosus demonstrated the antifeedant action of brittlebush resin against predatory ants. A. flaviventris eggs not coated with brittlebush resin were readily picked up and carried away by L. humile foragers. Of these eggs, 30% of the eggs were carried into the ant nest and presumably consumed as prey. However, S. xyloni did not pick up A. flaviventris eggs whether or not the eggs were coated with resins. Granivorous tendency of S. xyloni during summer (i.e., collecting and storing large quantities of seeds rather than insect preys) (Valone and Kaspari 2005) might be a possible reason. The brittlebush resins on the insect prey hindered ants from recruiting new foragers. The stickiness of the resin could be partially responsible for its deterrency against ant foragers trying to pick up or carry prey. However, phytochemically, brittlebush is characterized by an elaborate pattern of chromene and benzofuran derivatives stored in resin ducts (Kunze et al. 1995) . Chromenes are deterrent as well as toxic toward numerous herbivorous insects and are thought to play an important role in the chemical defense of these desert plants against insects (Kunze et al. 1995) . That brittlebush resin protects the plant from phytophagous insects offers at least some support to the hypothesis that the resin also serves to defend A. flaviventris eggs against other omnivorous predators.
Collecting external plant resin has been reported in three different subfamilies of Reduviidae (i.e., Diaspidinae, Ectinoderinae, and Apiomerinae) (Usinger 1958 , Miller 1971 , Weirauch 2005 , and attracting or securing prey has been suggested as its primary function (Usinger 1958 , Johnson 1983 , Coletto da Silva and Gil-Santana 2004 . However, to our knowledge, applying the plant resin to eggs for protection seems to be characteristic of some members of Apiomerus (Apiomerinae) (Swadener and Yonke 1973 , Johnson 1983 , Aldrich 1988 , Eisner 1988 . Secondary use of plant chemical defenses is frequently found in various insect groups, but the strategies can differ greatly (Eisner et al. 2005) . In addition to documenting a resin source used by A. flaviventris in the desert environment in southern California, this study provides an excellent example of plantÐinsect interaction that is critical for the successful reproduction of the insect. The existence of plant resin source such as brittlebush in the habitat of A. flaviventris is clearly essential for them to avoid predation. Even though Apiomerus spp. bee assassin bugs are strong ßiers (Swadener and Yonke 1973) , the local availability of plant resin sources may function as one of the factors limiting the natural distribution of A. flaviventris. Whether brittlebush resin is also active against other egg predators such as tettigoniids (Swadener and Yonke 1973) remains to be determined. From a practical perspective, some of the compounds in brittlebush resin may be exploited as natural deterrents to control pest ant species. For example, sticky barriers banded around tree trunks to prevent honeydew-foraging ant species from tending homopterans on trees were most effective when they were used in association with "foraging-disruptant" compounds (Shorey et al. 1992 (Shorey et al. , 1993 . Deterrent or repellent compounds in sticky barriers would provide additional "behavioral barriers" before physical contact, thus preventing the sticky barriers from becom-ing less effective by being contaminated with entangled bodies of challenging foragers over time (Shorey et al. 1992 (Shorey et al. , 1993 .
